Infrared thermography is a useful tool in visualizing and quantifying spatial distribution in radiant heat of incandescent heat lamps. Radial temperature profiles of six commercially available heat lamps (100W to 250W) were comparatively characterized. Heat lamps with the same power output do not necessarily produce the same temperature profiles on the heated surface because the shape of the temperature profiles was shown to be greatly affected by the lamp lens prescription. At a lamp height of 45.7 cm (18 in.), the net usable area (NUA) for the piglets was 0.102, 0.155, 0.146, 0.275, 0.139 and 0.113 m2 (1.10, 1.67, 1.57, 2.96, 1.50, and 1.22 ft2), respectively, for 100W Retrolite (100CZ20), 125W Hogslat (125HOG), 125W SLI Lighting (125SLI), 175W Retrolite (175CZ20), 175W Phillips (175PLP), and 250W SLI Lighting (250SLI). The 175CZ20 had the largest NUA and was the most efficient lamp on the basis of NUA per rated Watt. Although the 250SLI had the largest lamp heated area, it and the 175PLP were the least efficient lamps due to the large hotspots they produced. Lamp height affects the size of heated area, hotspot area and NUA for most of the lamps tested. These results suggest that in a commercial swine farrowing system, the 175CZ20 has the most potential among the incandescent heat lamps tested for meeting the thermal needs of the piglets and improving energy efficiency of the localized supplemental heating. 102, 0.155, 0.146, 0.275, 0.139 and 0.113 m 2 (1.10, 1.67, 1.57, 2.96, 1.50, and 1.22 
n 2000, 55.5% of all preweaning mortalities by producer-identified cause were classified as "laid-on" by the sow (NAHMS, 2002) . Swine producers traditionally place a supplemental heat source in the farrowing creep area to provide localized heat for the piglets to attract them away from the sow and thus decrease pig mortality from crushing. Infrared heat lamps are commonly used as a localized creep heat source, thus meeting the different thermal needs of the newborn piglets [30°C to 32°C (86°F to 90°F)] and the sow [18°C to 21°C (64°F to 70°F)] (Xin et al., 1997) . MacDonald et al. (2000) and Zhang and Xin (2000a) compared heat lamp systems to other creep-heating systems. Zhang and Xin (2000a) found that lamp heat was the preferred heat source for the first two days after birth when compared to a heat mat. Others have studied the effects of heat lamp placement on lying behavior and thermal comfort of sow and piglets (Titterington and Fraser, 1975; Zhou et al., 1996; Hrupka, et al., 1998) , energy efficiency and radial temperature distribution of heat lamps (Xin et al., 1997) (Zhou and Xin, 1999) . Zhang and Xin (2000b) measured the maximum contact temperature between piglets and heat mats during a 14-day lactation period. They found that the threshold temperature ranged from 44.5°C to 46.2°C (112.1°F to 115.2°F) and was independent of the piglet age.
The effectiveness of heat lamps as a local heat source depends on the size of the lamp and the spatial distribution of radiant heat. Suspended heat lamps in farrowing crates may cast excess heat over the sow's lying area, which may in turn over-heat the sow. This also encourages the piglets to lie closer to the sow and increase the possibility of crushing (Titterington et al., 1975) .
The 250W R40 (gooseneck) lamp has been often used in heat lamp installations. However, as producers become more energy conscious, alternative types of infrared heat lamps have been developed. In warmer climates, the lamp of choice has been the 125W R40 lamp due to the lower heat requirements. In a study by Xin et al. (1997) , the traditional 250W lamp was compared with an energy efficient 175W (PAR38) Phillips lamp. They determined that the 175W lamp produced a significant energy savings, 45% lower lamp failure rate, 1.2% reduction in birth-to-weaning mortality and a slightly higher piglet rate of gain. Zhou et al. (1996) measured the dynamic heat lamp usage rate (HLU) of neonatal pigs exposed to 250W, 175W, and 125W heat lamps. HLU is defined as the percentage of a litter having their bodies within a 45-cm (17.7-in.) radial distance from the projected center of lamp (PCL). HLU was significantly affected by heat lamp size with the 175W lamp producing the best piglet resting pattern. There was a consistent circadian pattern in HLU for all heat lamps. Average HLU was 28%, 31%, 39% for 250W, 175W, and 125W, respectively, during the day and 13%, 24% and 24%, respectively, at night. HLU also declined with increasing pig age. Since HLU is affected by heat level and distribution, updated information on heat distribution as affected by I different lamp sizes and fixture designs and the amount of heated area meeting the thermal comfort of the piglets will enhance swine producers' ability to properly select and operate the heat lamps and their fixtures.
The objectives of this study were: a) to comparatively characterize the radial temperature distribution of six commercially available heat lamps (100W to 250W); b) to determine if there are differences in lamp heated area (HA), hotspot area (HSA), and net useable area (NUA) due to treatments of lamp and height; and c) to determine which lamp(s) provides the best option in commercial farrowing operations.
MATERIALS AND METHODS
A Retroliter ® Hang Straight ® plastic heat lamp fixture (RetroLite Corporation of America, Hatboro, Pa.; fig. 1 ) was suspended at four heights -45.7, 50.8, 55.9, or 66.0 cm (18, 20, 22, and 26 in.) from a rubber mat [0.91 × 0.91 m (36 × 36 in.)] placed on plastic slat flooring inside an environmentally controlled test room ( fig. 2 ). The suspension height was measured from the mat surface to the lamp face. The range of values was chosen based on the lamp heights encountered in swine farrowing operations. The only recommended lamp height readily supplied by a manufacturer was a 51-cm (20-in.) lamp height to provide a 51-cm (20-in.) diameter comfort zone using a Comfort Zone Six commercially available incandescent infrared heat lamps were used in this study. Lamp size, brand and lamp lens prescription are described in table 1 and illustrated in figure 2. Three replications of each type of lamp were individually installed and allowed to stabilize before acquiring the thermographs using an infrared (IR) camera [0.06°C (0.1°F) discernability, model PM250; Inframetrics, Inc., North Billerica, Mass.] positioned 1.6 m (64 in.) directly above the mat. Thermal stabilization of each setting was determined when the change in temperature of a radial spot of the heated mat reached zero. The thermograph of heated mat surface was taken immediately following removal of the heat lamp. The rubber mat was cooled using a fan before the next thermograph was taken.
The thermographs were analyzed using the companion TherMonitor ® 95 software (Thermoteknix Systems Ltd., Cambridge, U.K.) for this camera to determine mat surface temperatures and distribution. Two-dimensional mean radial temperature profiles were constructed using eight (45° apart) temperature profiles extending 40.6 cm (16 in.) from the PCL of the heated mat area. These measured profiles represent 0.52 m 2 (5.6 ft 2 ) of mat area.
To determine the usefulness of each lamp type, lamp heated area (HA; m 2 ), hotspot area (HSA; m 2 ) and net usable area (NUA; m 2 ) were determined using the Thermonitor ® software. Lamp effective area was defined as the heated area above a minimum temperature that meets the needs of the newborn piglets. The minimum temperature was set to 30°C or 86°F (Xin et al., 1997) . Hotspot area was defined as the heated area that exceeded a maximum contact temperature the piglets would tolerate. The maximum temperature was set at the lower maximum contact temperature of 44.5°C (112.1°F) tolerated by the piglets, as reported by Zhang and Xin (2000b) . Mat surface area within the 30°C to 44.5°C (86°F to 112.1°F) was defined as the net usable area (NUA) for piglet utilization, calculated as:
STATISTICAL ANALYSIS
The six incandescent heat lamps and four lamp heights were arranged in a 6 × 4 factorial treatment regimens, each with three replications. All data were analyzed with PROC MIXED in SAS (SAS v9.1, SAS Institute, Inc., Cary, N.C.) and differences in treatment means were separated using Fisher's LSD. Differences in treatment effects were considered to be significant at P ≤ 0.05.
RESULTS AND DISCUSSION
Example thermographs of each lamp type tested at the 45. 7-cm (18-in.) height are presented in figure 3 . Each thermograph has a 0.9-m (36-in.), two-dimensional temperature profile through the PCL of the HA to illustrate the surface temperature variations. The 100CZ20 ( fig. 3a) and 175CZ20 ( fig. 3b ) lamps had evenly spaced lenticels fig. 3c, d, f, respectively) . The 175PLP lamp ( fig. 3e ) had a clear hexagonal center surrounded by evenly spaced lenticels and exhibited the largest radial temperature gradient of the HA.
RADIAL TEMPERATURE DISTRIBUTION
The thermographs were compiled into two-dimensional radial temperature profiles ( fig. 4) Zhang and Xin (2000b) . The area within 17-and 20-cm (6.7-and 7.9-in.) radius would be used only in short durations if applying the maximum contact temperature threshold for 175PLP and 250SLI at the 45.7-cm (18-in.) height, respectively. These results demonstrate that heat lamps with the same power output do not necessarily produce the same temperature profiles on the heated surface.
LAMP AREAS
The lamp areas of interest for each lamp type were obtained by setting the minimum [30°C (86°F)] and maximum [44.5°C (112.1°F)] temperature thresholds for each thermograph. The lamp matrices in figure 5 illustrate the variations in NUA for each lamp at the four heights using these thresholds. The blue shaded regions illustrate the areas that stabilize below the 30°C (86°F) minimum temperature. The circular region above the minimum temperature threshold comprised the lamp HA. Any HA that exceeded the maximum temperature was shaded in red and represented the HSA. The NUA was illustrated by the gray shading between the blue and red regions.
Lamp Heated Area (HA)
At the 45.7-cm (18-in.) height, lamp HA was smallest in 100CZ20 and largest in 250SLI (fig. 5 ). There was no difference in HA between 250SLI and 175CZ20 or between 125HOG and 125SLI (table 2). Increasing lamp height greatly affected HA. By raising the lamp height greater than 45.7 cm (18 in.), the HA of 100CZ20 was reduced to zero. Heated areas for 125HOG and 125SLI were similar for heights between 45.7 and 55.9 cm (18 and 22 in.). The HA of 125HOG, 125SLI, and 175CZ20 diminished when lamp height was 66 cm (26 in.) (table 2). In comparison, lamp height did not affect HA of the 175PLP.
Hotspot Area (HSA)
The 100CZ20 and 175CZ20 lamps did not produce any HSA. The 125HOG and 125SLI only produced one small 25.1 ± 0.4 53.7 ± 0.7 0.321 ± 0.010 a 0.110 ± 0.003 a 0.212 ± 0.007 c 66.0 24.5 ± 0.1 44.4 ± 0.6 0.280 ± 0.007 b 0.001 ± 0.001 e 0.280 ± 0.007 a Column values represent means ± standard error of the mean. [a] Means are separated using pooled standard error of 0.00920. Significance was considered at P < 0.05. [b] Means are separated using pooled standard error of 0.00165. Significance was considered at P < 0.05. [c] Means are separated using pooled standard error of 0.00897. Significance was considered at P < 0.05. HSA region along the heating element projection. The HSA for 175PLP [0.079 m 2 (0.85 ft 2 )] and 250SLI [0.113 m 2 (1.22 ft 2 )] were significantly different (P < 0.05) at the 45.7-cm (18-in.) height (table 2). Hotspot areas of 250SLI were not different between 45.7-and 55.9-cm (18-and 22-in.) heights. Raising 250SLI to 66-cm (26-in.) height reduced the HSA to zero. Increasing lamp height of 175PLP from 45.7 to 66 cm (18 to 26 in.) resulted in a 37% reduction in HSA.
Net Usable Area (NUA)
The NUA was largest for 175CZ20 [0.275 m 2 (2.96 ft 2 )] and smallest for 100CZ20 [0.102 m 2 (1.10 ft 2 )] at 45.7-cm (18-in.) height. The NUA for 125HOG, 125SLI, and 175PLP [0.155, 0.146, and 0 .139 m 2 (1.67, 1.57, and 1.50 ft 2 , respectively)] were not different. Lamp 100CZ20 had no NUA above the 45.7-cm (18-in.) height. Net usable area was similar for 125HOG, 125SLI, and 175PLP between heights of 45.7 and 55.9 cm (18 and 22 in.) . Above 55.9 cm (22 in.), the NUA of 125HOG and 125SLI were drastically reduced. The NUA of 175CZ20 was reduced with increasing height, reaching zero at 66-cm (26-in.) height. At the 66-cm (26-in.) height, the NUA of 175PLP and 250SLI increased due to the reduction in HSA (table 2) .
To evaluate the lamps on a per unit energy-input basis at the 45.7-cm (18-in.) 
Commercial Application
A typical commercial farrowing crate has a floor area of 1.52 × 2.13 m (5 × 7 ft) (Finger Farrowing Crate, Vittetoe Inc., Keota, Iowa). The creep area is 0.46 × 2.13 m (1.5 × 7 ft) on either side of the sow. In viewing the two vertical white lines in figure 7 , it was assumed that the heat lamp was placed at the midpoint of the 0.46-m (1.5-ft) creep area dimension. Any radiant heat falling outside of these two white lines would be reflected or absorbed by the creep area partition or absorbed by the sow. At the 45.7-cm (18-in.) height, the HA's of 100CZ20, 125HOG, and 125SLI are within the creep area width. On the other hand, the radial heat spread of 175CZ20, 175PLP, and 250SLI extend past the creep area boundaries with maximum overcast temperatures of 33.7°C, 34.5°C, and 36.0°C (92.7°F, 94.1°F, 96.8°F), respectively.
The 175CZ20 shows the most potential for commercial applications because it had a uniform temperature distribution over the creep area, produced the largest NUA [0.276 ± 0.008 m 2 at 45.7 cm (18-in.) height] and was the most efficient (15.7 ± 0.5 cm 2⋅ W -1 ). Although the 175CZ20 would create some radiant overcast over the sow, the amount of overcast was the lowest of three and would decrease with increasing lamp height. The second choice in lamps would be the 125HOG or 125SLI in that they were the second most efficient lamps on a NUA-per-Watt basis and neither lamp created radiant overcast. In the study by Zhou et al.(1996) , the piglets huddled under the 125W lamp for longer durations than under the 175W or 250W lamps as if supplemental heat had been insufficient. The 100CZ20, being the fourth most efficient, also produced a uniform temperature distribution. Although the 100CZ20 had the smallest NUA of the group, the large hotspots of 175PLP and 250SLI greatly reduced each lamp's efficiency. The 100CZ20 provided no usable heat when the lamp height exceeded 45.7 cm (18 in.). The 250SLI produced the largest lamp HA, however, it also had the largest HSA accounting for 83±2% of the creep area width (fig 7) . Xin et al.(1997) showed that piglets avoided resting directly under 250W heat lamps. The HSA of the 175PLP spanned 68±0% of the creep area width. To comfortably utilize the 175PLP and 250SLI [heights ranging from 45.7 to 55.9 cm (18 to 22 in.)] the piglets would have to lie on each side of the hotspot in the creep area or next to the sow thus increasing the chance for crushing. The NUA [0.280 m 2 (3.01 ft 2 )] of 250SLI at the 66-cm (26-in.) height is statistically equivalent to the area of 175CZ20 [0.275 m 2 (2.96 ft 2 )] at the 45.7-cm (18-in.) height due to the reduced HSA.
CONCLUSIONS
Spatial variations in radiant heat production of selected commercially available incandescent heat lamps were quantified with infrared thermography. The results revealed that heat lamps with the same power output do not necessarily produce the same temperature profiles on the heated surface, as the shape of temperature profile is greatly affected by the lamp lens prescription. The 175CZ20 lamp was shown to have the most potential in a commercial farrowing system in terms of spatial distribution of the heated surface temperature, net usable area (NUA) and energy utilization efficiency. Field evaluation of the 175CZ20 would be desirable to further quantify piglet utilization of the heat source, to understand the effects of partitions in reflecting heat in the creep area, and to quantify actual energy consumption.
